Volume 10, no. 3, p. 484: replace abstract with the following: Double-branched, circular, replicating dcoxyribonucleic acid (DNA) molecules of simian virus 40 (SV40) have beeni cleaved by the RI restriction endonuclease from Ercherichia coli. This enzyme introduces one double-strand break in SV40 DNA, at a specific site. The site of cleavage in the replicating molecules was used in this stLidy to position the origin and the two branch points. Radioactively labeled molecules fractionated accordling to their extent of replication were evaluated after cleaivage by sedimentation analysis and electroni microscopy. The results demonstrate that the R, cleavage site is 33%' of the genome Iength from the origin of replication and thait both branch points are growing points. These data indicate that SV40 DNA replication is bidirectional and contirm other reports which have shown a unlique origin of replication. Replicating deoxyribonucleic acid (DNA) molecules of simian virus 40 (SV40) are small, circular structures having two untwisted, replicated branches and one twisted, unreplicated branch (8, 14). The twisted or supercoiled configuration of the unreplicated branch is due to the presence of covalently closed template strands in the isolated molecules (8, 14) . Two independent investigations have recently provided evidence for a specific initiation site for SV40 DNA replication. Using the restriction endonuclease from Haemophilus influenzae to fragment pulselabeled replicating SV40 DNA, Nathans and Danna (11) were able to show a temporal gradient in the labeling of specific fragments. Studies on the initiation site carried out in our laboratory involved analysis of the rates of renaturation of different size categories of newly synthesized strands. The results demonstrated that the smallest newly synthesized strands were the least complex genetically and renatured most rapidly (17). Neither of these investigations were able to differentiate between unidirectional and bidirectional replication.
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In another study (7), we examined replicating molecules of SV40 DNA which had been cleaved by the restriction endonuclease of Escherichia coli B. After cleavage the newly synthesized strands from partially replicated molecules dissociated from the template strands under nondenaturing conditions. Because of the possibility that the cleavage site was at a replication fork, a definitive analysis of the origin and direction of replication could not be made. In the present work replicating molecules fractionated on the basis of the extent of replication have been examined before and after cleavage by an fi+ R factor restriction endonuclease from E. coli. From these results the origin and direction of SV40 DNA replication have been determined.
MATERIALS AND METHODS
The preparation of double-labeled replicating molecules of SV40 DNA from primary African green moinkey kidney cells infected with SV40 has been described elsewhere (7, 14) . Briefly, cells infected with SV40
are prelabeled with '4C-thymidine and, following a chase period with unlabeled thymidine, are subsequently pulse-labeled with 3H-thymidine. After extraction, the replicating viral DNA is fractionated into a "young" or partially replicated pool (less than 60%" replicated) and a "mature" or nearly fully replicated pool (greater than 75c replicated) by banding the DNA in ethidium bromide-CsCl density gradients (7, 14) .
The rrtie . inte et RIl nuclease (4) 14 .5S in neutral sucrose gradients under the above conditions. In reaction mixtures containing replicating molecules, the DNA concentrations were too low to be measured and, therefore, the radioactivity of the labeled molecules was used for determining the amounts to be added to a given reaction mixture. In general, between 2,500 and 7,500 counts/min of 3H-labeled replicating DNA molecules were added to a reaction mixture containing 10 ,liters of the R, nuclease solution.
Analysis of the cleavage products by velocity gradient centrifugation in neutral and alkaline sucrose as well as by electron microscopy using an aqueous technique has already been described (7, 14) .
RESULTS
Experimental design. Bacterial restriction nucleases have been shown both by genetic and biochemical tests to be highly specific with regard to their sites of cleavage in bihelical DNA (1, 3, 4 Cleavage of fractionated, double-labeled replicating molecules. The "young" or partially replicated molecules were examined by sedimentation analysis to determine whether the RI cleavage site was replicated early after initiation of synthesis. In Fig. 1 14.5 . This finding that the newly synthesized strands remain associated with the template strands after cleavage is in contrast with the cleavage of replicating molecules by the E. coli B restriction nuclease (7) . After cleavage by the B enzyme, the newly synthesized strands separated from the cleaved template strands.
The alkaline sucrose sedimentation was used to evaluate a possible change in size of newly synthesized strands as a consequence of cleavage and also to demonstrate that one break had been produced in each template strand. In Fig. IC (7, 14) . The concenztration of NaC in the neutral gradients showni here and in Fig. 2 Figure 2A and B illustrate the neutral sucrose gradient profiles of the molecules. Before cleavage, the replicating molecules sediment at 26 to 27S with good correspondence of the two labels. After cleavage (Fig. 2B) , the mature" replicating molecules are converted to structures sedimenting at about 20S as was seen with the cleaved "young" molecules. Again the template strands remain associated with the newly synthesized strands while the 14C-labeled DNA Comp. I and II are converted to Comp. III. Since the mature molecules were quantitatively broken by the nuclease, the newly synthesized strands were expected to be fragmented. The alkaline sucrose analysis of these molecules demonstrates before cleavage (Fig. 3A) that the 3H-labeled newly synthesized strands sediment close to the 16S marker. The size calculated for strands sedimenting at 14.9S is 1.35 X 106 daltons as compared to 1.6 X 106 daltons for the 16S reference strands. A small amount of the precursor 4S DNA is also present in these samples. After cleavage though (Fig. 3B) Fig. 2 were layered onto 10 to 30% linear alkalinte sucrose gradienits, anzd centrifugation analysis was carried out as described previously (7, 14) . The locationi of the 1IC-labeled template stranzds in these gradienits has beeii masked by the additioni of 0.4 uAg of '4C-labeled DNA Comp. 11 (7) which provides the 18S anid 165 sedimentation references. In a separate alkalinte sucrose anialysis onz a similar sample (n2ot showni here), 14C-labeled template strands sedimented at 16S after cleavage, as was observed in Fig. 1(D Electron microscopy of the cleavage products. In order to orient the site of cleavage in relation to the growing point(s), molecules which were replicated to different extents were examined in the electron microscope after cleavage. The population selected was from 5 to 70%c replicated. These partially replicated molecules are broken in the unreplicated region as determined by the sedimentation studies already presented. Therefore, if replication is unidirectional from a fixed initiation site, the cleavage site should be approximately 17% of the genome length from the initiation site. Furthermore, the termination site would be adjacent to, or 3600 from, the origin. In this model, one of the two linear branches formed in the looped molecules should maintain this distance between its free end and the branch point (initiation site). In bidirectional replication, the cleavage site should correspond to a site approximately 17%, of the genome length from the termination point. Since the termination point is 1800 from the initiation site in the bidirectional model, the cleavage site could be at one of two locations, 1190 or 2410, both 17%c of the genome length from the termination point. In this model the two linear branches in the cleaved molecules should decrease in length with increasing extents of replication.
Representative replicating molecules cleaved by the RI nuclease are shown in Fig. 4 . The molecules are oriented such that the short linear branches are on the left. Two hundred and twenty molecules examined by electron microscopy conformed with the structural features of those shown in Fig. 4 . The majority of these molecules did contain one short linear branch and one longer linear branch as seen in the micrographs in Fig.  4 . However, when the lengths of the short branches were compared in molecules which were replicated to different extents, a progressive decrease in length was observed as the extent of replication increased (Fig. 4 and 5) .
Length measurements were made on the 220 molecules having this double-branched, looped configuration with one linear branch or tail at each branch point. The subparts measured (inset to Fig. 5) were the length of the short branch (Li), the lengths of the replicated segments (L2 and L3), and the length of the long branch (L4 (14) . The ratio of L2 to L3 was 1.02 + 0.08 and in good agreement with the prediction that the lengths of the two replicated segments be equal. To distinguish between the unidirectional and the bidirectional models for SV40 DNA replication, the length of the short branch (LI) was plotted as a percentage of the total length of an individual molecule versus the extent that replication had proceeded in that molecule (calculated from the average of L2 and L3 divided by the total length). It can be seen (Fig. 5 ) that Li decreases in the majority of molecules in a linear fashion with increasing extents of replication. Therefore, these molecules undergo bidirectional replication. The slope for the line representing the length of the longer, linear branch (L4) as a function of the extent of replication is the same as that shown in Fig. 5 . This is consistent with both growing points moving at the same rates in a symmetrical fashion in the majority of replicating molecules. The small number of measurements which do not fall close to the straight line in Fig. 5 come from molecules in which replication is asymmetric. In these molecules, one of the two growing points must have moved more rapidly than the other. The bulk of the determinations in Fig. 5 fall very close to a straight line which intercepts the abscissa at 33% of the genome length. This value is the distance between the cleavage site and the origin of the replication in the bidirectional model. In accord with this finding are the sedimentation data on the cleaved, pulse-labeled DNA Comp. II which demonstrated that the cleavage site was about 17 %, of the genome length from the termination point (50%, of the genome length from the origin in this model).
The small fragment produced in the newly synthesized strands in the cleaved, mature, but nonsegregated replicating molecules is 14%-of the genome length. The accumulation of these molecules after pulse-labeling may indicate a delay or rate-limiting step in replication at that point (94%0 replicated) while daughter molecules separate. Immediately after segregation, gaps (less than 6% of the genome length in size) may exist in the interrupted circular daughter molecules, and these would be closed rapidly by the action of DNA polymerase(s) and ligase.
Only about 3%-of the 250 molecules examined Fig. 4J . These configurations arise in molecules in which the cleavage site has been replicated. The population of molecules examined in this study excluded most of the "mature" or almost fully replicated molecules as well as the bulk of contaminating cellular DNA. When the pool of molecules containing the "mature" molecules was studied after cleavage, a larger number of the terminally branched molecules was seen.
About 9 to 10% of the SV40 DNA molecules exhibited single branch points in a Y configuration. These were interpreted as representing cleaved molecules which had been broken at one of the forks in addition to the R, cleavage site either during handling or possibly in vivo. A small number of the single branch molecules contained an intact circular region which was the same length as SV40 DNA (1.5 ,um A bidirectional orientation for DNA synthesis has been found in a number of systems studied including E. coli (10), phage lambda (12, 15) , phage T7 (6) , and developing chick erythroblasts (18) . Phages T4 and P2 and the replicative form I of phage 4X174 (2, 9, 13) appear to undergo unidirectional replication. We have previously demonstrated that SV40 DNA chain growth occurs by a discontinuous mechanism (Fareed and 
